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Abstract The aim of this study was to draw a
general picture of the phytoplankton community in
peri-Alpine lakes, including for the first time a broad
data set of six deep peri-Alpine lakes, belonging to the
same geographical region. The objective was to define
the main key drivers that influence the phytoplankton
community composition in this particular vulnerable
region, for which the impacts of climate change have
been demonstrated to be stronger than on a global
average. The phytoplankton was investigated with a
particular focus on cyanobacteria and using a classi-
fication approach based on morpho-functional groups.
We hypothesized that phytoplankton in peri-Alpine
lakes is mainly driven by nutrient loads as well as by
water temperatures, variables that are strongly influ-
enced by climate change and eutrophication. Though
different phytoplankton configurations among lakes
were partly due to their geographical (altitude)
position, assemblages were mostly linked to temper-
ature and nutrients. Furthermore, the results confirmed
the significant role of the spring fertilization on the
seasonal phytoplankton development. Cyanobacteria
were related to the increasing annual average of air
and water temperature gradient and therefore might
become more important under future warming sce-
nario. Air temperatures have a significant impact on
water temperature in the uppermost meters of the
water column, with a stronger influence on warmer
lakes.
Keywords Cyanobacteria  Lake effect 
Temperature  Morpho-functional groups 
Phosphorus loads  Global warming
Introduction
Physical, hydrodynamical, and ecological changes are
occurring in lake ecosystems; these changes are
forecasted to become greater in the future as global
temperatures are increasing partly as a result of human
activities (IPCC 2007; Williamson et al. 2009; George
2010;). In the course of the twentieth century, the
Alpine region has been shown to be particularly
vulnerable and sensitive to climate change (Beniston
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et al. 1997; Beniston 2006), with higher rate of
warming, at least double of the observed global
average.
The question of particular interest is to assess how
global warming may affect the phytoplankton com-
munity composition, which plays an important role as
it is the basis of nearly all aquatic ecosystems’ food
supply (Arrigo 2005). Changes in the phytoplankton
community exert an effect on the higher food chain
and can potentially disrupt the ecological equilibrium
of lakes. Moreover, particular attention is paid to the
group of cyanobacteria, the only freshwater phyto-
plankton group that not only forms blooms, but is also
able to produce a variety of toxic compounds (Sivonen
and Jones 1999). Cyanobacteria thus can potentially
harm lake ecosystems through food web disturbance
and anoxia due to massive bloom events, affect human
health (water supply, food contamination), the econ-
omy (fishing industry), and finally, social activities, as,
for example, the recreational use of lakes. As the
world’s oldest known organisms (Schopf 2000),
cyanobacteria have always been capable of adapting
to environmental change (Huisman et al. 2005; Paul
2008). They have relatively high temperature optima
for growth (Reynolds 2006) and are able to migrate
vertically in the water column to better compete for
light and nutrients (Ibelings et al. 1991; Walsby et al.
1997; Reynolds 2006). A number of studies have
predicted that cyanobacteria are likely to become more
abundant in the future as climate continues warming
(Paerl and Huisman 2008; Paul 2008; Gallina et al.
2011; Paerl and Paul 2012).
The common phylogenetic classification of phyto-
plankton is based on taxonomy. However, since a
traditional taxonomy does only partially reflect the
ecological function of phytoplankton (Webb et al.
2002; Litchman and Klausmeier 2008), other classi-
fications were proposed to aggregate species/genera
having similar traits, for example, functional-based
classifications (Reynolds et al. 2002), the morpho-
functional-based classification (Salmaso and Padisa`k
2007), and the morphological-based classification
(Kruk et al. 2010). These aggregations have the
advantages to better interpret environmental mecha-
nisms and conditions and are easier to deduce as they
enclose common affinities and considerably reduce
the numbers of interpreting components.
In deep lakes under a continental climate, phyto-
plankton communities exhibit strong seasonality in
their behavior, which is summarized by the broadly
accepted Plankton Ecology Group (PEG) model
(Sommer et al. 1986). The PEG model identifies the
main influencing factors of the seasonal behavior, such
as climate, weather, grazing, and water chemistry.
Several studies debate the duality and the interaction
between nutrients (mainly phosphorus) and tempera-
ture (reflecting climatological and meteorological
forcing) in affecting phytoplankton communities
(Moss et al. 2003; Elliot et al. 2006; Stich and Brinker
2011). Both these factors have been shown to consid-
erably influence the seasonal phytoplankton commu-
nity (Gallina et al. 2011; Salmaso et al. 2012).
As several lakes are implicated, it is noteworthy
that every lake is a mirror of its environment, and
therefore, the phytoplankton community growth can
be presumed to differ in between lakes, as does the
water chemistry and environmental factors (Reynolds
and Walsby 1975; Lung and Paerl 1988; Ryding and
Rast 1989; Bleckner 2005). This phenomenon implies
that the hydro-morphometrical features, the surround-
ing landscape, origin, and history of a lake may play an
important role (Ryding and Rast 1989; Bleckner
2005). Recent studies demonstrate different response
of lakes to climate change (Bleckner 2005; George
2010).
The underlying assumption is that phytoplankton
compositions among peri-Alpine lakes mainly repre-
sent different responses to nutrient concentrations and
temperature. These factors are strongly affected by the
influence of climate change and eutrophication. In
deep lakes, a further element to take into account is the
spring replenishment of nutrients from the deeper to
the surface layer. We hypothesize that this pool could
represent an important source of nutrients for phyto-
plankton throughout the year.
After previous research based on a smaller number
of northern peri-Alpine lakes (cf. Anneville et al.
2004, 2005), this study reports a synoptic assessment
of phytoplankton assemblages and their main driving
factors across six peri-Alpine lakes situated north and
south of the alpine chain. The main key drivers of
phytoplankton composition changes will be evaluated
on yearly and seasonal timescales (summer–autumn).
A matrix including eight different data sets generated
from six lakes (two of the lakes were sampled at two
different locations) was compiled. For reasons of
comparability, the six lakes are all deep and warm
monomictic lakes, situated in the same geographical
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region. Additionally, these lakes have the interesting
features to cover a large trophic gradient and to be
located along an altitudinal gradient.
Materials and methods
Lake characteristics and data sources
Figure 1 a shows the locations of the lakes. The matrix
includes six different lakes at different time periods,
namely Lake Constance, Lake Zu¨rich, Lake Walen,
Lake Geneva, Lake Maggiore, and Lake Garda. Data
from Lake Geneva and Lake Zu¨rich were collected at
two sampling points, named as ‘‘Small Lake Geneva’’
and ‘‘Big Lake Geneva,’’ as well as ‘‘Upper Lake
Zu¨rich’’ and ‘‘Lower Lake Zu¨rich,’’ respectively.
Consequently, eight data sets were derived from the
six lakes.
The six lakes have a number of features in common:
They are all deep, warm monomictic lakes (Hutch-
inson 1957), belonging to the same geographical
Fig. 1 a Location of the lakes in the peri-Alpine arc which were
considered in this study with the length of the time series
available for each lake. Lake Constance (CONST), Lower Lake
Zu¨rich (LOZH), Upper Lake Zu¨rich (UPZH), Lake Walen
(WAL), Small Lake Geneva (SGE), and Big Lake Geneva
(BGE) are situated in the northern part of the alpine arc, whereas
Lakes Maggiore (MAG) and Garda (GARD) are located on
the southern part. b Lake data sets represented upon their
trophic level, their altitudinal position, and the length of the time
series, which is indicated proportionally by the length of the
black bar (O oligotroph, O-M oligo-mesotroph, M mesotroph,
M-E meso-eutroph, E eutroph)
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(peri-Alpine) and climatological (continental) region
(see Table 1). These similarities allow for compara-
bility and integration of the eight data sets into one
data matrix, which builds the basis for the further
analysis presented here.
Monthly or bimonthly environmental drivers and
phytoplankton biomass recorded in the layer from 0 to
20 m were obtained from state water authorities
responsible for lake monitoring as well as from
limnological research institutes, namely the LUBW
for Lake Constance (1980–1989), the Wasserverso-
rung Zu¨rich and EAWAG for Upper (1980–1990) and
Lower Lake Zu¨rich (1980–1990) as well as for Lake
Walen (1991–200), SECOE for Small Lake Geneva
(2001–2005), the CIPEL for Big Lake Geneva
(1977–2000), the FEM-IASMA for Lake Garda
(1997–2003), and the CNR for Lake Maggiore
(1997–2000). Data from discrete depths ((0, 1, 2.5,
5, 7.5, 10, 12.5, 15, 20 m) in Lake Walen, Upper and
Lower Lake Zu¨rich) have been transformed into
weighted averages and integrated over the water
column from 0 to 20 m depth. An exception for the
sampling depth of the phytoplankton data represented
‘‘Big Lake Geneva,’’ for which the sampling strategy
method was applied on an integrated depth from 0 to
10 m. However, a comparison strategy with the
0–20 m layer leads to the conclusion that the different
biomass for both layers tends to be quite similar. Same
results were found for ‘‘Small Lake Geneva’’ (Lavigne
and Druart 2002), which allowed us for integration of
those data.
Based on total phosphorus concentrations, and
according to OECD (1982), the assessed lakes cover
the entire trophic gradient (Fig. 1 b and cf. next
paragraph).
Environmental and biological data
The choices for potential drivers to explain the
phytoplankton community configuration were done
upon recent findings but strongly depend on the
availability of the data. In the present study, those
drivers are considered, for which the same sampling
strategies, standard measuring methods, and no miss-
ing values could be guaranteed, in order to ensure the
homogeneity of the data.
Hydro-morphometrical descriptors include lake
altitude, surface, watershed area, ratio of the
watershed area and surface, maximum and mean
depth; lake volume, residence time, and outflow (cf.
Table 1).
Physical–chemical descriptors (0–20 m) include
conductivity (as a proxy for runoff), nitrate, total
phosphorus, soluble reactive phosphorus concentra-
tions, and water temperature. The euphotic depth was
obtained by multiplying the Secchi depth by a factor of
2.5 (Vollenweider and Kerekes 1982). The trophic
state of a lake was defined by the total phosphorus
concentration (OECD 1982). The time series of each
lake were selected to guarantee that the entire trophic
gradient was presented and well balanced between the
different archives: Lake Walen and Lake Maggiore are
oligotrophic (O), Upper Lake Zu¨rich and Small Lake
Geneva mesotrophic (M), and Lake Constance and
Big Lake Geneva eutrophic (E). Lower Lake Zu¨rich
and Lake Garda are classified, respectively, as meso-
eutrophic (ME) and oligo-mesotrophic (OM) (cf.
Fig. 1b). For computational reasons, the trophic states
were additionally assigned in classes ranging from 1 to
5, class 1 corresponding to the oligotrophic state and
class 5 to the eutrophic state (Table 1).
For the Swiss lakes, the daily average air temper-
ature data were downloaded from the digital database
of the Swiss Federal Office for Meteorology and
Climatology (MeteoSwiss). Five meteorological sta-
tions were chosen, based upon their proximity to the
phytoplankton sampling stations, namely Gu¨ttingen
and Kreuzlingen for Lake Constance; Zu¨rich/Fluntern
for lower Lake Zu¨rich; Glarus for Lake Walen; and
Changins for Small Lake Geneva. For Big Lake
Geneva, data were received from the meteorological
station situated at Thonon-les-Bains belonging to the
INRA Research Institute. As for Lake Garda, daily-
averaged air temperature was measured at the mete-
orological station of Arco (ARC), at the northern
border of the lake (Salmaso 2010). For Lake Maggi-
ore, the daily-averaged air temperature was measured
at the meteorological station in Verbania-Pallanza
(Ambrosetti et al. 2006). The data sets derived from
MeteoSwiss have been quality-checked for the homo-
geneity of these records (Begert et al. 2005).
The meteorological and climatological data were
measured at the same days as the phytoplankton
samples were taken. Zooplankton was selected as a
proxy for grazing pressure on phytoplankton. Two
main groups of zooplankton were distinguished:
cladocerans and copepods (without nauplii) (both
measured as individuals m-2).
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To estimate phytoplankton abundance, standard
sampling and counting methods were employed
(Utermo¨hl 1958; Lund et al. 1958; see also Straile
2000; Morabito et al. 2002; Anneville et al. 2002,
2004; Lavigne et al. 2006; Salmaso 2011). For every
single taxon, biovolumes were calculated from
recorded abundances and specific biovolumes approx-
imated to simple geometrical solids. These procedures
were standardized (Rott 1981), therefore minimizing
the errors associated with the estimates of single-
specific biovolumes in different laboratories. Since the
species nomenclature for phytoplankton changed
considerably during the different periods in which
the data were collected and counted, it was necessary
to continuously update and quality check with the spe-
cies nomenclature, before proceeding with the anal-
ysis. The update was completed following the more
recent monographs of the series ‘‘Su¨sswasserflora von
Mitteleuropa’’ established by A. Pasher (Gustav Fisher
Verlag, and Elsevier, Spectrum Akademischer Verlag).
Subsequently, the species biomass was summed to the
genera biomass (lg L-1). The obtained 233 genera
were afterward grouped into the morpho-functional
groups (MFGs) defined by Salmaso and Padisa`k
(2007). All in all, 25 MFGs were identified. Based
on this classification, phytoplankton genera were
grouped following the criteria of motility, specific
nutrient requirement (autotrophy, mixotrophy), size,
shape, and presence of gelatinous envelopes (Weithoff
2003). This work will focus particularly on cyano-
bacteria, which in these lakes are mainly represented
by three morpho-functional groups, namely MFG 5a
(thin filaments, Oscillatoriales), MFG 5c (other large
colonies, mostly non-vacuolated Chroococcales),
MFG 5d (small Colonies, Chroococcales) and MFG
5e (Nostocales).
Data analysis
Annual averages were computed from the original
monthly and bimonthly data set (phytoplankton MFG
abundance and descriptors). The resulting matrix
contained 73 averaged yearly data, which was
employed to evaluate the difference in between
phytoplankton configuration in peri-Alpine lakes and
to define the key factors driving phytoplankton
community. Moreover, seasonal averages were used
to assess the role played by the spring replenishment of
P on the phytoplankton assemblages during the main
growth period, from summer to autumn (June to
November). Therefore, in this specific analysis, vari-
ables were averaged for the summer–autumn period,
with the exception of the nutrients (N and P), which
were additionally averaged for the spring period,
defined as March to May.
Data were further analyzed by non-metric multidi-
mensional scaling (NMDS) and applied to Bray and
Curtis’ dissimilarity matrices (Legendre and Legendre
1998) computed on MFGs biomass values. NMDS
ordination can be rotated, inverted, or centered to any
desired configuration. The accuracy of fit of the
projections is measured by ‘‘stress’’ estimates (Krus-
kal and Wish 1978). Environmental variables were
related to the strongest gradients in species composi-
tion by fitting environmental vectors to the NMDS
configurations. In the present analysis, vector fitting
finds the maximum correlation of the single variables
with the set of lakes in the configurations. Fitted
vectors point to the direction of most rapid change in
the environmental variables, whereas their length is
proportional to the correlation between the environ-
mental variable and the ordination. The significance of
vectors was based on 999 random permutations of the
data (Oksanen et al. 2011). Before the NMDS
ordination, MFGs were double-square rooted to
reduce the weight of the more abundant groups
(Salmaso 2010). The descriptors were log-trans-
formed, Yi = log ( ? 1), prior to vector fitting.
The data analyses were performed with specific
packages in R (ade4 and vegan; R Development Core
Team 2011). The relationship between the descriptors
was analyzed through a Spearman (q) rank correlation
matrix (stats package in R, R Development Core Team
2011).
The phytoplankton composition between lakes
To examine whether each peri-Alpine lake data set has
its own phytoplankton community, a NMDS was
applied upon the ‘‘Bray-Curtis’’ dissimilarities matrix,
permuted 999 times on the yearly averaged and double
root squared MFG. Following this step, the categorical
variable ‘‘lake’’ was built to partition the rows in
classes belonging to the same lake data set. The
functions ‘‘ordispider’’ (stars) and ‘‘ordihulls’’ (con-
vex hulls) from the vegan package (Oksanen et al.
2011) were applied, in which the categorical variable
‘‘lake’’ grouped the samples belonging to the same
182 Aquat Ecol (2013) 47:177–193
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lake (Legendre and Legendre 1998). The lakes are
labeled at the centroid of each convex hull. To further
test whether the centroids have different position, we
performed the ‘‘Adonis’’ function with 999 permuta-
tions (Oksanen et al. 2011).
Results
Hydro-morphometrical features
Table 1 presents the hydro-morphometrical charac-
teristics of the eight analyzed data sets. Lake Maggiore
reaches a maximum depth of 370 m, whereas the most
shallow, Upper Lake Zu¨rich, has a depth of 48 m. The
lakes are located at altitudes between 420 m a.s.l.
(Walen) and 65 m a.s.l. (Garda). Lake Geneva, the
largest lake in central Europe, has a surface area 20
times that of Lake Walen (24 km2). The theoretical
residence time ranges between 2 months (Upper Lake
Zu¨rich) and 27 years (Garda).
Upon hydro-morphometrical resemblance, namely
trophic state, altitude, and size, the lakes can be
differentiated into: (1) Larger lakes at lower altitudes
and low trophic states (Lakes Garda and Maggiore);
(2) larger lakes at intermediate altitudes and high
trophic states (Lake Constance and Big Lake Geneva);
(3) smaller lakes at higher altitude and low trophic
states (Lake Walen); and (4) smaller lakes at higher
altitude and higher trophic states (Upper and Lower
Zu¨rich). Small Lake Geneva is situated in between
ranges of trophic state, altitude, and trophic levels.
Phytoplankton MFGs assemblages
Figure 2 shows the non-metric multidimensional
scaling (NMDS) configuration based on the MFGs
annual averages. The years belonging to the same lake
are grouped together by convex hulls and labeled at
their weighted centroid. The outcomes of the ‘‘adonis’’
function on 999 permutation indicate a significant
different and non-random position of each centroid of
Fig. 2 Non-metric
multidimensional scaling
(NMDS) of the double-
square roots transformed
morpho-functional groups
(MFG), which are yearly
averaged. The label is
situated at the centroid of
each convex hull grouping
the phytoplankton
community for each year
belonging to the same lake
together (G Garda,
M Maggiore, W Walen,
U Upper Zu¨rich, L Lower
Zu¨rich, C Constance, B Big
Geneva, S Small Geneva)
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the lakes (R2 = 0.598, p \ 0.001). This highlights the
existence of significant differences in the assemblages
of the different lakes. The phytoplankton communities
of Lake Constance and Small Lake Geneva overlap for
some years with the one of Big Lake Geneva
indicating some similarity in their composition during
these years. Likewise, Lower Lake Zu¨rich’s position
also suggests similarity to the phytoplankton config-
uration of Big Lake Geneva. In contrast, Lake Walen,
Lake Maggiore, and Lake Garda display different
positions, indicating a differentiated phytoplankton
composition.
Figure 3 represents the biomass composition of the
11 main MFGs for each lake. For graphical reasons,
the subordinated MFGs were not displayed. The lakes
are ordered along the trophic gradient (see Table 1),
from oligotrophy to eutrophy. Oligotrophic and oligo-
mesotrophic states (Maggiore, Walen, and Garda) had
lower phytoplankton biomass than eutrophic lakes.
However, the largest quantity of biomass was recorded
in the mesotrophic Small Lake Geneva, whereas Lake
Constance’s phytoplankton biomass was relatively
low compared to its trophic state.
The MFG1 represents large flagellates including
the potential mixotrophs like large chrysophytes/
haptophytes (Dinobryon, Mallomonas), dinophytes
and euglenophytes (Gymnodinium, Ceratium). The
MFG1 is present in all lakes, with highest biomass in
Big Lake Geneva. Small potentially mixotrophic
flagellates (MFG2) are present in all lakes but have
higher biomass in lakes that exhibit higher trophic
levels and are therefore almost absent in Lake Garda.
The representative genera of MFG2 are Rhodomonas,
Cryptomonas, and Erkenia. The MFG3, mostly auto-
trophic flagellates represented by Phytomonadina
(especially Chlamydomonas, Pandorina, and Phaco-
tus), are practically absent in Lake Maggiore and
Garda, at the southern part of the Alpine chain,
reaching relatively high biomass in Small Lake
Geneva. Non-flagellated genera are represented by
MFG5 to MFG11. The MFG5 comprises the colonial
cyanobacteria, with the most representative cyano-
bacteria genera being Planktothrix, Pseudoanabaena,
Aphanothece, Aphanocapsa, and Aphanizomenon.
This group is present in all the lakes, however, with
quite different biomass. MFG5 are most abundant in
Small Lake Geneva and Lower Lake Zu¨rich, and have
important biomass in Lakes Maggiore, Garda, and Big
Geneva, and low biomass in lakes Walen, Upper
Zu¨rich, and Constance. MFG5 tends to prefer lakes on
Fig. 3 Diversity of phytoplankton composition upon their
morpho-functional groups (MFG) (Salmaso and Padisa`k
2007). The lakes are ordered following the trophic gradient
form oligotrophic (Lake Maggiore, MAG) to eutrophic (Big
Lake Geneva, BLG). The abbreviations of the MFG are given in
the legend, and the full names are listened hereafter: 1 Large
colonial or unicellular, potential mixotrophs; 2 Small potential
mixotrophs (unicellular); 3 Phytomonadina; 5 Colonial cyano-
bacteria; 6 Large diatoms; 7 Small diatoms; 8 Other large
unicellular; 9 Other small unicellular; 10 Other filamentous
colonies; 11 Other non-filamentous colonies
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lower altitude and higher water temperature. Diatoms
were subdivided into large diatoms and small diatoms
represented, respectively, by MFG6 and MFG7. Large
diatoms, mainly Fragilaria, Asterionella, Diatoma,
and Nitzschia, are prevalent in all lakes, representing a
very important contribution to biomass. Smaller
diatoms (especially Stephanodiscus, Aulacoseira, Cy-
clotella, and Navicula) were also present in all lakes,
but with lower biomass, and with a positive tendency
in biomass toward higher trophic lakes. MFG8 repre-
sents the ‘‘Other Large Unicellular’’ Genera and
MFG9 the ‘‘Other Small Unicellular’’ Genera. These
two groups both exhibit relatively unimportant bio-
mass. MFG8 (Closterium, Staurastrum, and Cosmar-
ium) was particularly more abundant in Big Lake
Geneva, whereas MFG9 (Chlorella, Ankyra) in Lake
Constance. MFG10 and MFG11 represent ‘‘Others
Colonials.’’ Filamentous colonies are grouped in
MFG10 and non-filamentous colonies in MFG11.
Filamentous colonies (MFG10, mostly Mougeotia)
reach very high biomass in Lake Garda and Small
Lake Geneva, but also have important biomass in Big
Lake Geneva, whereas in the remaining lakes, their
biomass is unimportant. MFG11, basically Oocystis,
Elakatothrix, and Scenedesmus, showed important
biomasses in Small Lake Geneva and Lower Lake
Zu¨rich.
To summarize, peri-Alpine lakes are characterized
by high biomass of MFG1 and MFG6. MFG2, and
MFG7 prefer lakes with higher nutrient loads, whereas
the colonial cyanobacteria (MFG5) are more fre-
quently found in lakes at lower altitude where water
temperatures are higher.
Correlations between the environmental
descriptors
Table 2 reports the Spearman correlation coefficients
between the annual averages of the descriptors.
Significant correlations (p \ 0.05, N = 73) are high-
lighted in bold text with a larger font.
Both TP and SRP were strongly correlated with the
conductivity, the duration of the stratification period,
and the cladocera. Moreover, cladocera displayed a
significant negative relationship with the water and air
temperature and a positive relationship with the nitrate
concentration. Copepods only correlated significantly
with the euphotic depth.
The relationship between air temperatures and
water temperature (annual averages) was adequately
described by the following polynomial equation:
y = 0.06x2 – 0.93x ? 12.5 (r = 0.8) (Fig. 4). Lakes
Constance, Lower Zu¨rich, Upper Zu¨rich, and Walen
are located at higher elevations with colder tempera-
ture regimes formed a distinct group from warmer
lakes at lower altitudes (cf Fig. 1b). However, not only
the altitudinal positions of the lakes but also their
latitudinal location are responsible for the temperature
gradient.
Phytoplankton configurations and relationships
with the environmental variables
Analyses based on annual averages
In this section, we will interpret two NMDS config-
urations obtained from annual (Fig. 5a) and seasonal
(Fig. 5c) averages of MFGs by vector fitting using the
available environmental data. The configurations of
lakes in Fig. 5a coincide with Fig. 2; however, data
have been presented differently and in a similar way as
in Fig. 5c. Total phosphorus was not considered
because it was highly correlated with soluble reactive
phosphorus (Table 2). Only SRP was used as it
represents the chemical form for nutrient uptake by
phytoplankton.
In Fig. 5a, the lowest stress factor (0.14) was
reached after 6 runs and permuted 999 times, which
guarantees a good configuration and confident inter-
pretation (Zuur et al. 2007). The phytoplankton
configuration showed a significant link with the water
temperature as well as the air temperature (WT, AT),
nutrients (SRP, NO3-N), and conductivity (COND)
(p \ 0.0001). The grazing by cladocera and the
duration of the stratification period also were linked
(0.0001 \ p \ 0.001) with the lakes configuration.
The euphotic depth and copepods did not show
significant links with the NMDS ordination.
The direction as well the strength of SRP vectors
and conductivity was similar, with lakes Constance
and Big Lake Geneva, both eutrophic lakes, at the top
of the arrows. In particular, MFG11a (naked colonies
of Chlorococcales), MFG11c (other non-filamentous
colonies), MFG10a (filaments—chlorophytes) and 8a
(large unicellular conjugatophytes/chlorophytes) fol-
lowed this gradient. These groups belong all to the
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green algae (including charophytes) having large life
forms (colonies, filaments).
The air and water temperature vectors pointed
toward Lake Garda. The main MFGs following this
gradient were all filamentous forms, like the cyano-
bacteria MFG5a (Oscillatoriales) and the MFG10b,
representing filamentous conjugatophytes. The nitrate
gradient pointed toward the Upper Lake Zu¨rich and
Lake Walen. The MFGs 2a (small chrysophytes/
haptophytes), 9d (small unicellls from other groups
than conjugatophytes and Chlorococcales) and 7b
(small Pennates) followed this gradient. Even though
these MFG are a heterogeneous taxonomic group, they
interestingly have the same features, being small in
size.
MFG5d (small colonies, Chroococcales) was near-
est to Lake Maggiore, where the temperature was
higher, the stratification period longer, the concentra-
tion of phosphorus and other ions low, and the
concentration of nitrates high.
Cladocerans roughly had the same direction of the
SRP and COND vectors (Fig. 5b). The remaining
MFG’s belonging to the cyanobacteria, that is, MFG
5c (large, non-vacuolated) and MFG 5e (Nostocales),
were located around the middle of the environmental
gradients.
Analyses carried out in the main growth period
(summer–autumn)
The aim was to determine whether the spring nutrients
represented an important source for phytoplankton
during the main growth season (summer–autumn).
The more important variables linked with the
NMDS configuration were, besides nutrient concen-
trations (SRP, NO3N), the water and air temperature
(WT, AT), as well as the spring pool of nutrients
present during the maximum spring replenishment of
euphotic layers (SRPsp and NO3sp) (Fig. 5d;
p \ 0.01). The direction and strength of the variables
are practically coincident with those reported in
Fig. 5b. Cladocerans and the duration of stratification
did not show a link with the configuration in Fig. 5c.
During the summer–autumn period, the phytoplankton
composition of Lake Constance was more similar to
that of Lower Lake Zu¨rich (Fig. 5c). However, the
MFG did not change the position of the Lakes
Constance and Lower Zu¨rich significantly. MFGs
belonging to cyanobacteria were anew dispersed, with
the difference that during the main growth season,
MFG5c is more linked to the phosphorus gradient.
MFG11c (other non-filamentous colonies) were more
associated with the nutrient gradient.
Discussion
Nutrients and temperature influenced differently the
deep peri-Alpine lakes. SRP and conductivity (as a
proxy for the intensity of runoff), and air and water
temperature had opposite directions in the NMDS
configurations (Fig. 5b, d). The interpretation could
not be univocal, because it could be simply linked to
the characteristics of the lakes included in the data set.
The warmer lakes, Garda and Maggiore, shared oligo–
oligo-mesotrophic characteristics, while Big Lake
Geneva and Constance were both eutrophic and
colder. This study reveals an equivalent importance
but a different effect on the phytoplankton community.
However, both variables are interconnected variables,
as warming affects the stratification of lakes; on the
other hand, the deepening and duration of the strati-
fication period impacts the nutrient concentration
available for the biotic compartment in lakes (Wetzel
2001; Anneville et al. 2005, George 2010,). Besides
difficulties to generalize the results, linked to the
Fig. 4 Polynominal regression model in between the yearly
averaged air and water temperature (y = 0.06x2 -
0.93x ? 12.5; r = 0.8; N = 73). Lakes situated on higher
altitudes (CON Constance, LOZH Lower Zu¨rich, UPZH Zu¨rich
Upper, WAL Walen) are represented with full symbols and
differentiated from lakes on lower altitude (BGE Big Geneva,
GAR Garda, MAG Maggiore, SGE Small Geneva)
Aquat Ecol (2013) 47:177–193 187
123
number of available lakes, the analysis allowed to
appreciate the strong peculiarities in the composition
of phytoplankton in the single lakes. These results
support Bleckner’s (2005) argument that differences
and changes of phytoplankton result not only from the
‘‘landscape filter’’ but also from the so-called internal
lake filter (abiotic/biotic interactions and lake history).
Therefore, future studies on peri-Alpine lake are
advised to further specify the nature and consequences
of this ‘‘Lake Effect’’ on the state and behavior of
phytoplankton communities, since it can be argued
that the phytoplankton community of each lake will
respond differently to the effects of eutrophication and
climate change in the future (Gerten and Adrian 2001;
George et al. 2004).
The eutrophication state based upon phosphorus
concentration (OECD 1982) remains a reliable indi-
cator, as higher trophic levels have higher phyto-
plankton biomass. An exception, however, was Small
Lake Geneva, which followed a nonlinear hysteresis
pattern (Gawler et al. 1988). Reduced phosphorus
levels resulting from lake recovery management do
not result in equal levels of reduced phytoplankton
biomass. This resilience of total phytoplankton bio-
mass in Small Lake Geneva was already observed in
other deep peri-Alpine lakes (Anneville et al. 2002,
2004). Further, it would be interesting to analyze for
Small Lake Geneva, either if the route of the
phytoplankton community to recovery seems to differ
significantly from the route to eutrophication, which
Fig. 5 a–d Output on the NMDS analyses based on yearly
averaged MFG (a, b) and on summer–autumn averaged MFG (c,
d). The samples belonging to the same lake are labeled at their
centroid (G Garda, M Maggiore, W Walen, U Upper Zu¨rich,
L Lower Zu¨rich, C Constance, B Big Geneva, S Small Geneva)
(a, c).The environmental variables were fitted, and the
significant vectors (bold p \ 0.001, dotted p \ 0.01) show the
direction of the environmental gradient and its strengths (length
of the vector)
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has been seen in shallow lake ecosystems (Ibelings
et al. 2007), or if the community change enhanced by
eutrophication and re-oligotrophication follows after a
resilience time, a reversible trajectory as demonstrated
recently in Lake Constance (Jochimsen et al. 2013).
The colonial cyanobacteria (MFG 5) were present
in all the considered lakes and with higher frequency
in lakes at intermediate and lower altitudes where
water temperatures were higher. The filamentous
cyanobacteria (Oscillatoriales MFG5a) and other
large, mostly non-vacuolated colonies (MFG5c) were
related to the increasing temperature. The specific
ability of cyanobacteria to adapt to high temperatures
has been reported in a number of studies (e.g., Paerl
et al. 1985; Robarts and Zohary 1987; Briand et al.
2004; Reynolds 2006). MFG groups are an effective
way to assess the ecology of lakes. For example, Lake
Garda and Small Lake Geneva were characterized by
MFG 10b, colonial filamentous genera, represented by
Mougeotia. Actually, it was found that in Lake Garda,
in the period of its maximum dominance, Mougeotia
showed higher biomasses after cold winters and deep
mixing, that is, after episodes of greater replenishment
of phosphorus in the euphotic layers (Salmaso 2010).
In summer 2001, the small Lake Geneva showed a
massive development of Mougeotia gracillima bloom
(Lavigne and Druart 2002). Therefore, these results
demonstrated that the use of MFGs has a potential
advantage, not only in comparison with, but also as
complementary to the use of basic taxonomic units to
reveal different ecological aspects. Using exclusively
a few basic morphological groups, Kruk et al. (2011)
stated that phytoplankton composition can be better
predicted by a morphological approach. In the case of
multiple phytoplankton assemblages recorded in dif-
ferent lakes, MFGs may represent a useful tool to
concurrently investigate the evolution of different
lakes, overcoming problems related to the comparison
of different taxa and to the existence of possible
differences in taxonomic accuracy (Salmaso and
Padisa`k 2007; see also Reynolds et al. 2002).
The relationship between air and water temperature
has its significance in the light of changing climate in
the peri-Alpine region. Air temperature, which is
directly affected by global warming, and water
temperature were significantly correlated. The use of
air temperature as a proxy for water temperature in
peri-Alpine lakes, in the uppermost meters of the lake
waters and during summer, has been discussed by
Livingstone and Lotter (1998). Moreover, formerly
Gallina et al. (2011) were able to demonstrate the
capacity of air temperature to affect indirectly the
phytoplankton communities in the epilimnion in peri-
Alpine lakes. The effect of air temperature on water
temperature has been proven to be even stronger in the
case of lakes at lower altitudes. An in-depth study of
these aspects will require more complete information
about the climate and the vertical physical structure of
lakes in the Alpine area.
As previously stated, nutrients and conductivity
(NO3-N, SRP and COND), as well as temperatures (AT
and WT), showed a strong link with the configurations
of lakes obtained from MFG groups. Cladocerans and
the duration of the stratification period had an impor-
tant role, even though less prominent. Genera, which
belong to the larger forms (colonies and filaments) of
green algae, followed the phosphorus gradient. Smaller
forms, such as the MFG3a (Chlamydomonas), were an
exception. Chlamydomonas is known to be abundant in
extremely nutrient-rich waters (Reynolds 2006). Pad-
isa´k and To´th (1991) also noticed that these small green
algae seem to benefit from the environmental hetero-
geneity. The temperature gradient mainly pointed
toward MFG5a (Oscillatoriales), with the potentially
toxic genera Planktothrix and Pseudanabaena and
partly of MFG5d (Aphanothece). Under future climate
warming scenario, modifications in freshwater com-
munities could favor morphotypes of colonial phyto-
plankton, especially colonial cyanobacteria (MFG5).
Since colonial forms have evolutionary and/or eco-
physiological advantages over unicellular forms, with
regard to, that is, predation, viral mortality, and
specialization (Berdall et al. 2009), it can be hypoth-
esized that colonial forms will become in the future
even more dominant in the peri-Alpine region that is
very sensitive to short-changes in weather (Thompson
et al. 2005). Likewise, Shatwell et al. (2008) showed
how warming promoted the colonial filamentous
cyanobacteria (Oscillatoriales) in Mu¨ggelsee (Ger-
many), a shallow temperate lake. Contrariwise, several
studies and ecological rules dealing with the effect of
temperature–size relationship forecast that in aquatic
systems, warming benefits the small forms (Daufresne
et al. 2009; Winder and Hunter 2008). If analyzed more
in detail, these considerations contrast only apparently.
Large colonial species and filamentous cyanobacteria
possessing gas vesicles have the ability, unlike other
eukaryotic algae, to overcome the environmental
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constrains originated by the increasing water stability,
which is an important side effect of higher water
temperatures (Walsby et al. 1997). The results pre-
sented here confirm Shatwell et al. (2008) rather
general arguments and further suggest a strong
connection between global warming and the develop-
ment of cyanobacteria (Shatwell et al. 2008; Paerl and
Huisman 2008; Paerl 2009, O’Neil 2011). Addition-
ally, new insights relating warming with mixing
regime were highlighted by a recent study using a
40-year data set in Lake Zu¨rich demonstrating that
principally the mixing regime was responsible for the
seasonal control of the P. rubescens population (Posch
et al. 2012). The outcome suggests that warmer years
lead to weak mixis events, which in one hand increase
the N:P ratio favoring the growth of P. rubescens and in
the other hand prevent the collapse of the gaz vesicles
due to the reduced mixing depths, which leads to a
reduced pressure executed on the vesicles. These mech-
anisms are therefore mainly responsible for maintain-
ing and increasing the population of P. rubescens.
On the other side, it was demonstrated how warmer
winters, decreasing the extent of the spring lake
overturn and the extent of nutrient replenishment in
deep lakes, depressed the growth of cyanobacteria
(mostly Planktothrix) during the summer and autumn
months (Salmaso 2012). Both these mechanisms
contribute to maintain and increase the populations
of P. rubescens.
In the middle of the temperature and phosphorus
gradient, and opposite of the NO3N gradient, MFG5c
included Anabaena and Aphanizomenon. Both genera
are potentially toxic, nitrogen-fixing cyanobacteria
(Reynolds 2006). Therefore, these genera are tolerant
in nitrogen-poor waters. Interestingly, this study found
no cyanobacteria situated along the cold, NO3N-rich
gradient, further supporting the importance of both
phosphorus and higher temperature in supporting the
growth of this algal group.
During the growth period, nutrients and temperature
were the main factors linked to phytoplankton. In
contrast, the grazing and the duration of the stratifica-
tion period did not seem to affect the summer–autumn
population. This is in agreement with the PEG model,
which indicates that grazing is mostly prevalent during
the spring period (Sommer et al. 1986). Overall, these
results demonstrate the crucial importance of the
concentration of spring nutrients as fertilizers able to
affect the phytoplankton composition, not only during
the summer–autumn period but also throughout the
year. The nutrient enrichment in spring highly depends
on the depth of the mixing layer (Sommer et al. 1986;
George 2010), which in turn depends on the climato-
logical/meteorological conditions encountered during
winter (Salmaso et al. 2003; Salmaso 2012). Future
climate change scenarios, however, predict milder
winters with less deep mixing (Perroud et al. 2009).
Consequently, this will provide a less nutrient-
enriched epilimnion with important effects on the
seasonal phytoplankton growth.
Conclusions
As hypothesized, differences in the composition of
phytoplankton MFG in the deep peri-Alpine lakes
were mainly driven with similar strengths by temper-
ature (air and water) and nutrients (P, N) gradients and
secondarily by the gradients of the duration of the
stratification period and the grazing by the cladocer-
ans. Cyanobacteria responded differently to these
gradients. Oscillatoriales were closely related to
higher water temperatures and longer stratification
period; Chroococcales and small colonies were found
where temperatures were warmer and nitrates more
high; lower N-concentrations were linked with a
greater presence of large non-vacuolated cyanobacte-
ria colonies and Nostocales. Most notably, during the
growth season, nutrients and temperature showed a
strong link with the distribution of lakes in the NMDS
configurations based on MFGs dissimilarities. In a
future scenario, where temperatures in the Alpine
region are predicted to increase, it is hypothesized that
the effects of global warming will mostly impact
cyanobacteria. This study gives strong support to the
hypothesis that the fertilization of the epilimnion in
deep lakes is a crucial stage in the phytoplankton
growth cycle, controlling seasonal development
throughout the rest of the year. Furthermore, the
results support the existence of specific phytoplankton
morpho-functional groups in different lakes, partly
unrelated to the climatic and trophic gradients. Future
efforts should focus on further defining those factors
that can explain these intrinsic differences. In the
broader context of research on the effects of climate
change, the present study represents a first step toward
the knowledge that is needed to model the impacts of
climate change on phytoplankton assemblages.
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